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Excitation of vibrational modes of adsorbates with the
scanning tunneling microscope: many-orbital theory
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Abstract

We derive theoretical expressions for taking into account inelastic tunneling effects in the current of a scanning
tunneling microscope (STM), and relate them to the event rate of current-induced processes like desorption, rotation
or dissociation of adsorbed molecules. In a realistic case, the current involves tunneling through many hybridized
channels, and also several different modes can be excited simultaneously. Our scheme provides a tool to deal with
such a general case. The theory presented allows us to predict vibrational-mode excitation of adsorbates, and calculate
event rates. A model calculation is performed illustrating the capabilities of the calculational scheme, to obtain event
rates as a function of the STM tip position (‘inelastic image’ of the adsorbate) and the bias. New features associated
with the many-orbital character of the coupling are reported. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction desorption, dissociation or diffusion (rotation)
takes place. In this case, the vibrational mode’s
de-excitation time via substrate phonons, c, mustRecently, several experiments have been done

which show the importance of the inelastic inter- be fast compared with the inverse of the inelastic
action of tunneling electrons with adsorbed mole- current.
cules in the scanning tunneling microscope (STM) The incoherent mechanism occurs when the
as a mechanism for adsorbate manipulation. inelastic current is high enough compared with
Different kinds of phenomena, namely molecule c−1. This mechanism has also been called ‘ladder
desorption and diffusion [1], dissociation [2] or climbing’, because each electron is able to excite
rotation [3–5], have been shown to rely on the just one vibrational level. This mechanism is the
same basic process. According to Refs. [6,7], two one proposed by Avouris et al. [8,9] in their studies
ranges exist. They have been called the ‘coherent’ of xenon-induced desorption.
and the ‘incoherent’ mechanism. The coherent The main feature of the coherent mechanism is
mechanism takes place when a single electron is that it gives rise to a linear dependence of the
able to inelastically excite the vibrational mode(s) desorption rate (or dissociation, or induced rota-
from its ground state to its nth level, when the tion) on the current. On the other hand, the

incoherent (or multi-electron) mechanism predicts
a power of N dependence on the current, N being* Corresponding author. Fax: +81-7915-8-0151.
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well. Both mechanisms take place for the same very well suited to combine quantum chemistry
with theoretical surface physics techniques in ordersystem. The cross-over of both ranges occurs when
to study under a common framework both STMthe inelastic current is comparable with c−1 [6,7].
currents and the chemical interactions of theIn this paper we focus on the coherent process,
system [15]. Therefore, for conceptual simplicity,which is the dominant one in the experiments
in what follows we shall assume an LCAO lan-cited. Several theoretical works have been pub-
guage. Nevertheless, the reasonings will remainlished on this topic. The model of Persson and
valid independently of the particular representa-Baratoff [10] provided a main conceptual tool that
tion chosen.has led further work. Semi-classical wave-packet

In the Appendix we derive non-perturbativedynamics have been used to analyze the experi-
expressions for the tunneling current. In this sec-ments in Ref. [1], following the theory proposed
tion we show how those expressions are used toby Gadzuk [11,12]. A quantum treatment has been
calculate jointly both elastic and inelastic currents.given in [7], and used to analyze results of Refs.
To this end, we first set up the total Hamilonian,[2–5]. Also, ab initio calculations have included
including the coupling between electrons and thean electron–vibration coupling term to analyze
vibrational modes of the adsorbate. Then we trans-experiments on induced desorption [13]. However,
form the system into a purely electronic one, whereall these works are still based in the ‘one
we can use Green’s functions techniques to obtainresonance+one mode’ model. Since any realistic
the elastic and inelastic conductances in a non-case involves a complicated multi-orbital electronic
perturbative way.structure, it is clearly necessary to go beyond the

one resonance model, attacking the problem
2.1. Coupling of electrons with the vibrationaldirectly from a general Hamiltonian. Furthermore,
modes of the moleculein general there are several molecular modes that

can be excited by the inelastic electronic inter-
Usually, the electron–vibration coupling term isaction. We incorporate these two features in our

included in the Hamiltonian as [10]:formalism. One advantage of our many-orbital
approach is that it permits one to obtain desorp- de(V̂++V̂)Ĉ+

a
Ĉ
a
, (1)

tion (or dissociation or rotation) rates as a function
where the interaction takes place at site a, andof the tip’s position. This enables calculation of
V̂+ and V̂ are the creation and destruction opera-spatially resolved rates, which can be compared
tors of the vibrational mode. However, if wewith experimental ones. In the Appendix, we show
consider the vibration in detail, we must take intohow previously published expressions are reco-
account that the hoppings between pairs of atomsvered when we go to the one resonance limit case.
are changing. Therefore, at least two orbitals (inRegarding inelastic currents, a many-orbital
the limiting case of one orbital per atom) areapproach has also been given in Ref. [14]; how-
involved in the interaction. In general, if one ofever, the model treated there just includes a single
the resonances is much closer to the Fermi level,vibrational mode. We propose a Green’s functions
it will be more important than the others in theformalism which provides a simple way to calculate
tunneling process, so we recover the previouslythe general case of simultaneous excitation of
studied single resonance case of Ref. [10].several modes.

According to Ref. [10], de corresponds to:

∂E

∂R KR=R
0

DR, (2)2. Multichannel theory of inelastic STM
conductance

where DR =(2m1V)−1/2h/2p is related to the mean
The general theory of elastic currents in the value of the displacement of the first excited state

STM has been extensively studied. Linear combi- from the equilibrium position R0, and E is the
energy of the resonant level. Since, in the generalnation of atomic orbitals (LCAO) methods are
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case, there is more than one resonance involved in two different modes, which can be excited up to
two levels before desorption or diffusion of thethe coupling process, we must extend the concept
molecule takes place.of de to a matrix:

2.3. Obtention of the currentsde=
∂H

∂R KR=R
0

DR, (3)

The system depicted in Fig. 1 is now easily
interpreted. We shall consider that the electronso the electron–vibration coupling will be
finds the molecule in its ground state, and leavesexpressed by:
it in some combination of excited states. Therefore,
electrons are entering through branch A, which is(V̂+

m
+V̂

m
)∑
i,j

de (m)
ij

Ĉ+
i

Ĉ
j
, (4)

considered the emitter. One can compute the
amount of these electrons that are exiting throughwhere index m labels the different vibrational
each of the different branches. Current enteringmodes. Obviously, i and j belong only to the atoms
through A and exiting through C constitutes theinvolved in the vibration, whose relative distances
elastic current, I0; i.e., the molecule remains in itsare varying. Matrix (3) contains all the informa-
ground state. Those exiting through D constitutetion about the electron–vibration coupling at the
the I1 (in the notation of [7]). The index standsadsorbed molecule.
for the corresponding exit branch, and means the
number of levels of the mode that have been

2.2. Equivalent electronic Hamiltonian excited. In the case of two different modes inter-
acting with the electrons, we shall use the notation

As we show in the Appendix, the movement of I
n,m, where n and m are the number of levels of

an electron in the Hamiltonian previously each mode that are excited, and denote the branch
described can be transformed in an equivalent through which current is exiting. In general, we
system, where the excited vibrational state is must set as many indexes as modes are included
represented by the electronic Hamiltonian in the electron–vibration (e–vib.) Hamiltonian.
H2=H1+VI, and the two Hamiltonians are cou- The way of calculating the different I

n,m,l,… as a
pled through the coupling matrix de. In such a function of the Green’s functions of the tip and
way, when the electron enters the coupling region the sample, and the e–vib. coupling matrices, are
(see Fig. 1), it can release an energy V to the explained in the Appendix.

In general, some correlation between electronsvibration, exciting one mode. The electron can
would be expected due to the coupling with thesimilarly excite the vibration to the next vibrational
vibration. The easiest way to treat such a correla-level. So, another parallel system with energies
tion is to assume that subsystem B has also a smallshifted by 2V has to be coupled, and so on. H

n−1 occupancy, being part of the emitter. Such ancouples to H
n

via:
occupancy is given by Avouris et al.’s expression
for the level’s population [8,9]. However, in the

de
n
=

∂e

∂R KR=R
0

n−1|X |n�3DREn, calculations presented, we shall assume that
the molecular relaxation time, c, is small enough
compared with the inverse of the total current,where n−1|X |n� is the matrix element of the
which means that electrons entering through B arevibrational coordinate’s operator connecting the
negligible (in other words, the coherent mechanismvibrational quantum states n and n−1.
is dominant, in the terminology of Ref. [7]).In the case of several different modes coupling

with electrons, the parallel subsystems are coupled
in the way depicted in Fig. 1. A lattice-like pattern 3. Calculation
is formed, where each combination of final vibra-
tional modes of the molecule corresponds to one We analyze the model depicted in Fig. 2. The

model allows us to investigate the features andknot in the lattice. Fig. 1 shows the example of
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Fig. 1. Purely electronic Hamiltonian equivalent to the electron–vibration coupled Hamiltonian. One dot represents the group of
orbitals involved in the interaction. The couplings between branches are matrices. Below the general picture we show two examples
for the interaction island, with coupling to one or two different vibrational modes. In general, the case of coupling to N different
vibrational modes will be represented by an N-dimensional graph.

capabilities of the method proposed, and its ade- The tip is also modeled as an S orbital, with a
constant density of states in the whole energyquacy for studying more realistic problems.

The sample is modeled as three atoms. Two of range.
We consider the possible excitation of twothem, representing the surface adsorption site, are

attached to four-neighbor Bethe lattices, included different vibrational modes: perpendicular and par-
allel to the surface. The electron–vibration cou-as a self-energy in the Hamiltonian. This self-

energy accounts for the bulk density of states [16 ]. pling matrix is obtained as Eq. (3). In order to
keep simplicity, both modes are considered to haveThe third one represents the adsorbate. Each atom

is composed of a single S orbital. The energy levels the same frequency and reduced mass. We set
DR=0.05 Å, which is a typical value for molecularare set at zero for the substrate atoms, and also

the Fermi energy, EF, equals zero. The adsorbate’s modes. Assuming a 1/d2 dependence of the hop-
pings with bond distance [17], the e–vib. couplingenergy level is set at Ea=+1 eV. Hopping matrix

elements between the adsorbate and its neighbors elements have a value of 0.1 eV. No distance
dependence is considered for the adsorbate’s level.are T=−0.5 eV. The hoppings between substrate

atoms (including those in the Bethe lattice) are In a general quantitative calculation, such a depen-
dence should be present in the coupling too. TheT=−1 eV.
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Fig. 2. Schematic illustration of the model used in the calculations. Four different positions of the tip have been considered along
the dotted line, modeled as a varying hop between it and the substrate. The self-energy provided by the bulk is included by means
of attaching several branches of Bethe lattices to the adsorbate’s nearest neighbors.

coupling matrices are therefore: the tip’s position with respect to the system. We
have considered four different tip positions, which
would roughly represent the relative movement of
the tip around the adsorbed system (see Fig. 2).Vperpendicular=C 0 0 0.1

0 0 0.1

0.1 0.1 0 D,
For each of them, we calculate the Green’s function
of the total system, for the three atoms in the e–
vib. island, and also the r matrix, which is propor-
tional to the imaginary part of the self-energy in
the Hamiltonian. Using Eq. (A8) the inelasticVparallel=C 0 0 −0.1

0 0 0.1

−0.1 0.1 0 D,
conductances are evaluated and integrated to
obtain the corresponding currents. We show the
results for excitation of one perpendicular mode,

with each of the modes. They are straightforwardly one parallel mode, two perpendicular, two parallel
obtained from Eq. (3), where the Hamiltonian for and one perpendicular+one parallel modes. The
the three atoms in the example is a 3×3 matrix graphs correspond to the inelastic current normal-
(two substrate levels and the adsorbate’s level in ized to the elastic one.
the third place).

In order not to complicate the model, we have
assumed that the frequency of the modes is small
enough to be approximated by zero. 4. Discussion

We have calculated the possible excitation of
up to two vibrational levels of each mode (see the Experiments usually do not measure directly

the inelastic current, but some atomic process ‘rate’schematic of Fig. 1 for the multimode excitation
Hamiltonian). The inelastic current depends on which is a direct consequence of the inelastic
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process. Such an atomic process can be, for
instance, the adsorbate’s desorption [1], its diffu-
sion on the surface, or a change in its orientation
[3–5]. Such processes are directly measureable,
and their rates (number of events per tunneling
electron) are usually explained in terms of the
inelastic fraction of the current [1–5].

In the case when a single mode is dominant in
the e–vib. interaction, the transition rate is propor-
tional to the inelastic current I

N
/I0, exciting N=

DE/V levels, where DE is the activation barrier for
the process to occur. The proportionality constant
will be one if the transition takes place along the
mode’s vibrational coordinate. Otherwise, it is
necessary to estimate the energy transfer between
modes [3].

After the electron has passed, the molecule is
left in a combination of vibrational modes which,
in general, is not an eigenstate. Such a combination
is described by its density matrix. From the Green’s
functions of the multibranch system shown in
Fig. 1, it is easy to calculate the density matrix of
the molecule after the electron has passed. This is
necessary if several modes are responsible for some
measurable process to occur; for instance, if both
diffusion and desorption have similar activation
barriers and both are likely to happen. We shall
not enter into the discussion about the results of
such calculations in this paper.

We thus assume that our system is such that
just one of the calculated inelastic currents is
provoking the measurable transition. Therefore,

Fig. 3. Inelastic currents normalized to the elastic one, as a
function of the voltage. The rate is given in ‘events per tunneling
electron’. The bias is given in volts. Graphs correspond to: (a)
I1,0/I0,0; (b) I2,0/I0,0; (c) I0,1/I0,0; (d) I0,2/I0,0; and (e) I1,1/I0,0.
The indices denote the modes excited by the current: the first
one is the perpendicular mode and the second is the parallel
mode. The number 0, 1 or 2 indicates the number of vibrational
levels of the mode which are being excited. The different lines
correspond to four different positions of the tip with respect to
the adsorbate. They are described by the different tip sample
hopping elements. Solid line, T1=0, Ta=1; dashed line,
T1=0.33, Ta=0.66; dotted line, T1=0.66, Ta=0.33; dot–dash
line, T1=1, Ta=0. Ta is the hopping between the tip and the
adsorbate, T1 is that between the tip and atom 1. T2, hopping
with atom 2, is always 0 (see Fig. 2).
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an STM experiment would be able to produce a (A12). The deduction provided in the Appendix
is valid only when the e–vib. coupling involves justplot of such a current, with bias resolution, and

also spatial resolution. Let us concentrate on the one orbital. As it can be checked from the curves
in Fig. 3, it is approximately fulfilled in the zerospatial resolution first. Such a measurement has

already been performed for the acetylene rotation bias limit. However, its failure is clear if we com-
pare Figs. 3a and b for I1,0/I0,0 and I2,0/I0,0: theprocess in Ref. [3]. The authors measure the trans-

ition rate per tunneling electron, as a function of solid line presents a negative slope for I1,0/I0,0, due
to the faster increase of I0,0 in comparison withthe tip’s position, obtaining some ‘inelastic profile’

of the molecule. The graphs in Fig. 3 show that I1,0. According to Eq. (A12), a negative slope
would be expected for I2,0/I0,0 as well; however,the corrugation and shape of the profile can depend

sensibly on the bias. Let us focus on I1,0/I0,0 and that is not the case. Thus, in the general case, the
approximated expression Eq. (A12) does not hold.I0,1/I0,0 plots (Figs. 3a and c). The solid line

corresponds to the tip just over the molecule. The The reason for it is the many-orbital nature of the
e–vib. coupling.other lines would represent the progressive lateral

displacement of the tip with respect to that posi-
tion. There is a clear threshold in the bias, due to
the resonance near the adatom’s energy level. For 5. Conclusions
biases below the threshold, the ‘events per electron’
rate increases quite abruptly when the tip is near A Green’s functions method is proposed to

calculate inelastic currents in the STM, when therethe vertical position over the molecule (it decreases
to half of the rate, from the solid line to the dot– are many orbitals present in the electron–vibration

coupling and several different modes can be simul-dash one), corresponding to a sharp profile.
However, when the bias exceeds the threshold, the taneously excited. The method is thus more general

than presently existing approaches. By means of arate stays high for a wider lateral displacement,
thus implying a broader profile of the ‘inelastic model, we show how our method can predict

transition rates for processes like adatom desorp-profile’ of the molecule. In the case of higher
excited modes, the same phenomenon occurs tion, diffusion or rotation. It is shown that the

spatial dependence of the rate as a function of the(though it is difficult to appreciate the low bias
rate in the graphs). tip’s position (the ‘inelastic image’ of the molecule)

can present a sharper or broader shape, dependingAn apparent feature in the bias dependence of
the transition rate is the steepness of the curve on the bias. The experimental availability of such

an ‘inelastic image’ of the molecule has alreadynear the threshold. We can see that the more levels
are excited, the steeper the curve becomes. Such a been proved for the acetylene molecule on copper

[3]; however, no systematic studies which includebehavior is to be expected from the approximated
expression Eq. (A12) for the conductance. It is a bias dependence have been performed yet. An

abrupt threshold in the events rate is shown tothe reason for the extremely abrupt dependence
found experimentally in Ref. [1]. There, the happen, which becomes more abrupt as the

number of excited levels increases, in agreementauthors desorbed CO molecules via inelastic tun-
neling. Below a threshold of 2.4 eV they could not with experimental results. A known power relation

between the different inelastic currents, which isdetect any single event, while the rate increased
rapidly above such a voltage. In their case the valid for the one-orbital case, is shown to fail

when several orbitals are involved in the inelasticnumber of levels excited to produce one desorption
is about 10, which implies a negligible probability coupling, thus proving the need of including a

multi-orbital approach like the one presented herefor biases below the threshold. A simplistic view
considering the desorption rate as proportional to in any realistic model of inelastic current processes.

The implementation of the method described in athe current through the p1 orbital is clearly unable
to explain the abrupt dependence with bias. quantum-chemical framework like those in Refs.

[15,19] is straightforward.Let us now comment on the validity of Eq.
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Let us assume that the electron is incident on
Appendix A

the oscillator when it is in its ground state.
Therefore the elastic conductance is given by theA1. The coupled parallel systems Hamiltonian
flux entering electrode A and exiting through
electrode B in Fig. 1, while the inelastic conduc-Let us concentrate on the one-electron case. A
tance exciting n modes corresponds to the fluxderivation for the many-electron case is possible
entering electrode A and exiting through the corre-using the Keldysh formalism. We have checked
sponding nth branch of the sample (Fig. 1).that the main conclusions are not altered. In order

The general expression for the current drivento make the derivation as clear and intuitive as
by an LCAO wavefunction between two neighbor-possible, we present just the one-electron case.
ing sites is given by:Let us consider the total stationary wave func-

tion of the electron plus oscillator as:
j
ab

(y)=
2e

B
Im(y1(a)T

ab
y(b)), (A4)∑

n,k
a
n,k
|Y

n,k
�d(E−E

k
−nV)

where T
ab

is the Hamiltonian matrix element=∑
n,k

a
n,k
|ph

n
� einVt |y

k
� eiE

k
td(E−E

k
−nV). (A1)

between the two sites (or orbitals). This follows
simply from:The Hamiltonian is:

H=∑
k

C+
k

C
k
E
k
+V+VV+c+

a
c
a
(V++V )de. d|y(a)|2

dt
=

i

B Ay
i
∑
j

H
ij

y1
j
−y1

i
∑
j

H
ij

y
jB

To make the expressions simpler we just consider
coupling at site a, it being straightforward to make =

2

B
ImAy1

i
∑
j

T
ij

y
jB¬1

e
∑
j

J
ij

. (A5)
the derivation in the general case of a coupling
like in Eq. (4).

The language of Green’s functions is muchIn the base |Y
n,k�, the Hamiltonian elements are:

more adequate for LCAO calculations involving
H
nk,n∞k∞=(E

k
+nV)d

nn∞dkk∞+(End
n,n∞+1 surface systems. Let us thus obtain the proper

expressions for the conductance in terms of them.+En∞d
n+1,n∞)de The outgoing current through electrode 2 in the

×y
k
|a�a|y

k∞�d(V−E
k
−E

k∞). (A2) multi-electrode system of Fig. A1 is:

The proper base for LCAO calculations is a local-
s=

4e

B
ImA ∑

p
y
p
(a∞)T

a∞2y: 1
p
(2)B, (A6)ized orbital base. Then the Hamiltonian takes the

form:
where a∞ and 2 represent two groups of orbitals

H
ni,n∞j= ∑

m,k,m∞,k∞
n,i|m,k�H

mk,m∞k∞m∞,k∞|n, j�
which are directly connected by Hamiltonian
matrix elements. y: and y are arrays (vertical and=d

nn∞(Hij
+d

ij
nV)

horizontal ) with elements corresponding to each
of the orbitals in the group (a∞ or 2), and T is the+(d

n,n∞+1En+d
n∞,n+1En∞)d

ia
d
ja

de. (A3)
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LCAO calculations of the elastic and inelastic
conductances for real systems involving many
orbitals in the electrodes.

A3. Approximate expression for the inelastic
conductance

The expression obtained enables us to very
easily obtain several approximated formulas which
have been derived by other authors. For the case
of a single resonance and a single-vibrational-
mode system, Ref. [7] gives a simple expression
for the inelastic conductance exciting n quanta of
vibration in terms of the total elastic and inelasticFig. A1. Schematic illustration for the derivation in Section A2.
conductances. For such a case, expression (A8) is
simply:

part of the Hamiltonian connecting the two s
n
=r

l
r
r
T2|G

0n
|2 . (A9)

groups. p represents the eigenfunctions incident
Provided the inelastic coupling term is small (as isfrom electrode 1 and scattered into the rest of the
the usual case):system. The functions satisfying such a condition

(to be incident only from electrode 1) can be G
0n
=g

00
t
01

G
1n

,
written as:

G
1n
=g

11
(t
10

G
0n
+t

12
G
2n

)#g
11

t
12

G
2n

, (A10)
y:
p
(a∞)=G

a∞aTa1w:
p
(1), y:

p
(2)=G

2a
T
a1

w:
p
(1),

and so on. The g’s are the Green’s functions of
(A7) the system when the e–vib. coupling is zero, and

t2
n,n+1=(n+1)t

01
is the e–vib. coupling betweenwhere G is the Green’s function of the total system

levels n and n+1 of the oscillator. Furthermore,and w is an eigenfunction of electrode 2 uncoupled
for V small enough, g

nn
(e)=g00(e−nV)#g00(e),from a∞. Therefore expression (A6) can be recast

so:as:

|G
0n
|2#|g

00
|2nt2n

01
n! (A11)

s=
4e

B
Im ∑

pµF
(w1
p
(1)T

1a
G
aa∞Ta∞2G

2a
T
a1

w:
p
(1))

Therefore:

=
8e

B
Tr[r

1
T
1a

G
aa∞Ta∞2r

2
T
2a∞Ga∞aTa1 ], (A8) s

1
#r

l
r
r
T2t2

01
|g
00
|2 ,

s
1

s
0

#t2
01
|g
00
|2 ,

where we have used G2a=g22T2a∞Ga∞a ( g is the
s
n
#s

0As
1

s
0
Bnn! (A12)Green’s function of the system when the e–vib.

coupling and the electrode coupling are zero). The
densities of states r correspond to those of the The last expression is the same as that obtained in

Ref. [5]. Using our starting expression, Eq. (A8),uncoupled electrodes (1 or 2). The meaning of
pµF is that we make the summation for the one can easily calculate the exact one-electron

inelastic conductances.eigenfunctions p of the uncoupled electrode 1, such
that their energy is within the energy interval In the case of several orbitals at the interface,

the above derivation is no longer valid and the(E, E+dE). This expression is equivalent to that
obtained in Ref. [18] for the case of one level in relation obtained is not necessarily true, as it can

be seen from the results of Section 4.the central island.
The expression obtained is well suited for From the above expressions it is also clear that,
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